Introduction
The replication cycle of the single-stranded DNA phage +X174 has been investigated intensively during the past decade largely by Sinsheimer and co-workers (for a review see Sinsheimer, 1968) . After infection of the bacterial host, Escherichia coli C, the circular and single-stranded DNA of the phage is converted to a circular DNA duplex (replicative form), which then replicates to form a pool of RF?. The DNA of the progeny phage is derived from this pool; the phage strand is packaged into coat protein, whereas the remaining complementary strand serves as a template for the further synthesis of new phage strands (Lindqvist & Sinsheimer, 1968; Knippers, Komano $ Sinsheimer, 1968; Komano, Knippers & Sinsheimer, 1968) . The present work is an attempt to obtain information on the mechanism of RF DNA replication.
The experimental approach is as follows. Circular heteroduplex RF was constructed in which the phage strand (plus-strand) contains a genetic marker YE'. D. BAAS AND H. S. JANSZ which is different from that of the complementary strand (minus-strand). After infection of the appropriate bacterial host with heteroduplex RF, the progeny phage was analysed with respect to the genetic marker it contained. This analysis should decide whether the plus-strand, minus-strand or both strands transmit genetic information to the progeny phage, which in turn would yield information on the mechanism of replication of the RF of 4X phage.
However, the results indicate that, in a large fraction of the infected spheroplasts, heteroduplex RF is converted to homoduplex RF before replication, presumably by a repair mechanism comparable to that acting on pyrimidine dimers in u.v.-irradiated double-stranded DNA (Boyce & Howard-Flanders, 1964; Setlow & Carrier, 1964; Pettijohn & Hanawalt, 1964) . In a small fraction of the infected spheroplasts heteroduplex RF escapes repair by replication. The size of this latter fraction appears to be a function of the position of the heteroduplex region on the genetic map of q5X phage in the sense that there is a gradient from a fixed point along the genetic map in one direction. These experiments which allow the determination of the origin and direction of replication of $X RF will be described in the accompanying paper (Baas & Jansz, 1972) . The present paper deals with an analysis of the fraction of spheroplasts in which heteroduplex RF undergoes replication. This fraction of spheroplasts is considerably increased by mitomycin C treatment, suggesting that this antibiotic specifically inhibits repair and not replication. From the genotype of the progeny phage that is produced in these spheroplasts, it is concluded that the minus strand of $X hetero-duplex RF governs the RF replication. A preliminary account of part of this work has already appeared (Baas & Jansz, 1971 (Baas & Jansz, 1971 ).
The following experiment shows that the intermediate U.V. sensitivity is a characteristic property of heteroduplex RF and is not caused by imperfect annealing of two strands with non-matching base pairs. +X RF, component I, was treated with hydroxylamine.
Hydroxylamine reacts with cytosine residues in DNA. The reaction product, 4-hydroxylamine-4-5-dihydroxytosine, has U-like binding properties and is considered to be responsible for replication errors in hydroxylamine mutagenesis ; e.g. the conversion of a G * C base pair to an A . T base pair (Brown & Phillips, 1965) . It may be expected that reaction of a cytosine residue in DNA with hydroxylamine leads to some extent to a situation in the DNA helix comparable with a heteroduplex region. The U.V. survival curves of the treated DNA samples are biphasic, indicating that the majority of the DNA molecules has intermediate U.V. sensitivity (Fig. 1) . In a previous publication (Baas & Jansz, 1971 ) it was shown that in a large fraction (85%) of the infected spheroplast, heteroduplex RF is converted to homoduplex RF before replication, presumably by a mechanism comparable to that of host-cell P. D. BAAS AND H. S. JANSZ reactivation of u.v.-irradiated phage (Boyce & Howard-Flanders, 1964; Setlow & Carrier, 1964; Pettijohn & Hanawalt, 1964) . Doerfler & Hogness (1968) and Spatz & Trautner (1970) came to the same conclusion from similar experiments, using heteroduplex h DNA and heteroduplex SPPl DNA, respectively.
In our experiments a small fraction of the spheroplasts produces phage of both genotypes, suggesting that in these spheroplasts heteroduplex RF has escaped the repair process. If this interpretation is correct, the elimination of repair must increase this fraction and further analysis may provide information on the mechanism of replication of heteroduplex RF.
A number of E. coli strains known to be defective in repair of U.V. lesions or recombination including E. coli W3110 poZAI-(De Lucia & Cairns, 1969); E. coli K12 her-(Harm); E. coli H502, su-, her-, thy-and Endo I-(Hofmann-Berling); E. coli K12 RecA13 and E. coli K12 RecB21 (Howard-Flanders & Theriot) and E. coEi K12 RecC22 (Willetts & Mount) were converted to spheroplasts using the lysozyme-EDTA procedure (Guthrie & Sinsheimer, 1960) and, after infection with heteroduplex RF, the infected spheroplasts were plated on the appropriate mixed indicator. The results were essentially similar to those obtained with E. coli K12 or E. coli K58 spheroplasts. Also U.V. irradiation of E. coZi K12 spheroplasts before infection with heteroduplex RF does not alter the above results. This suggests that mechanisms other than those involved in repair of U.V. lesions or recombination operate in the case of heteroduplex repair.
However, when E. coli K12 her-was treated with mitomycin C (50 pg/ml.) before the conversion to spheroplasts, quite different results were obtained (Table 1) . The rationale behind this approach is that the mitomycin C lesions in host DNA compete for the enzymes that are otherwise involved in the repair of heteroduplex RF. Mitomy& C treatment of E. coli her-does not interfere with $X infection, although it arrests host DNA synthesis almost completely (Lindqvist & Sinsheimer, 1967) . The fraction of spheroplasts producing both genotypes and the fraction of spheroplast' s Mltomycin C(pg/m! ) FIQ. 2. The percentage of mixed bursts, produced by infection of spheroplasts of E. coli K12 hcs-, treated with different amounts of mitomycin C, with (pB( +) &( -) heteroduplex RF, is plotted against the concentration of mitomycin C. The percentage of mixed bursts was determined by plating infected spheroplasts on the mixed indicator E. coli CO and E. coli CH (see Table 1 ). producing only phage of the minus-strand genotype increased, whereas the fraction producing phage of the plus-strand genotype decreased. The relation between the increase of the fraction of spheroplasts, producing both genotypes and the concentration of mitomycin C is shown in Figure 2 . There is a threefold increase of the fraction of spheroplasts producing bot,h genotypes, and the effect of mitomycin C levels off at a concentration of 25 yg/ml. (c) Analysis of the phage produced in mixed bursts
The increase in the percentage of spheroplasts producing both genotypes, caused by mitomycin C treatment, allowed us to analyse the proportion of phage of the minusstrand genotype to that of the plus-strand genotype occurring in mixed bursts. In a single-burst experiment, it was shown that in mixed bursts the majority of the phage has the genotype of the minus-strand (Fig. 3) . As shown in the accompanying paper (Baas & Jansz, 1972 ) the size of the fraction of infected spheroplasts which produce both genotypes depends on the cistron in which the heteroduplex region is located. This allows an analysis of this fraction in the absence of mitomycin C. A single-burst analysis of ts116( +) &( -) heteroduplex RF (ts116 is located in cistron B) again indicates that in mixed bursts (32%) the majority of the phage has the genotype of the minus-strand (Fig. 4) . It is concluded that in spheroplasts, where replication of heteroduplex RF takes place, the minus-strand is the major information precursor for progeny phage.
Discussion
The DNA replication of the bacteriophage $X174 occurs in two phases : a period of synthesis of double-stranded circular DNA, followed by a period of single-strand circular DNA synthesis. In the second phase of DNA replication the first phase is shut off. Experiments of Gilbert & Dressler (1968) , Dressler & Wolfson (1970) , Knippers, Razin, Davis $ Sinsheimer (1969) and Knippers, Whalley & Sinsheimer (1969) have shown that in both phases the DNA is replicated according to the rolling circle model. In the phase of single-stranded DNA synthesis, the minus-strand remains circular and the plus-strand is elongated in the 5' -+ 3' direction. Full 4X genomes are peeled off, circularized and packaged into coat protein. However, the results of the experiments of Knippers, Whalley & Sinsheimer (1969) concerning the mechanism of the DNA replication of the double-stranded $X DNA are in contradiction with the results of Dressler & Wolfson (1970) . Knippers, Whalley & Sinsheimer (1969) propose a rolling circle in which the plus-strand remains circular and the minus-strand is elongated. Dressler & Wolfson (1970) propose a rolling circle in which the minus-strand remains circular and the plus-strand is elongated. As a consequence, the first model predicts that the parental plus-strand is the master template in +X RF replication and in the second model the parental minus-strand fulfils this function. To obtain more information on the mechanism of replication of $X RF we have prepared heteroduplex RF in which the plus-and minus-strand each contain a different genetic marker. Spheroplasts of the appropriate host were infected with this heteroduplex RF and the induced progeny phage was analysed. Assuming that most, if not all, of the progeny RF molecules, synthesized in the first phase of +X DNA replication, participate equally in the synthesis of single-stranded phage DNA, an analysis of the proportion of the genotypes of the phage produced in single bursts reflects the proportion in the genotypes of the RF pool. This analysis might indicate whether the plus-or the minus-strand is the master template during RF replication.
However, the finding that the majority (85%) of the spheroplasts infected with heteroduplex RF do(+) & (-) produces either phage of the plus-or phage of the minus-strand genotype is hard to reconcile with any plausible replication mechanism. Also the fact that em25( +) &( -) heteroduplex RF produces a high percentage of Co phage strongly argues for a repair process of heteroduplex RF to homoduplex RF before replication (Baas & Jansz, 1971 The higher U.V. sensitivity of heteroduplex RF, as compared to homoduplex RF prepared under similar conditions, can be the result of the repair process. The u.v. sensitivity is the only difference in physical and biological properties that has been found between heteroduplex and homoduplex RF. In contrast to homoduplex RF, the U.V. sensitivity of heteroduplex RF is more like single-stranded than double-stranded +X DNA. This suggests that repair of a heteroduplex region involves the degradation of a large single-strand segment. Excision of a large and specific segment of one strand in u.v.-irradiated heteroduplex RF, results in a DNA duplex with a single-stranded region. In this single-stranded region U.V. lesions are lethal, since they cannot be repaired by excision and repair synthesis. As a consequence, the sensitivity of heteroduplex RF to U.V. irradiation is increased as compared to native RF or homoduplex RF.
The fact that a fraction (10 to 15%) of the spheroplasts produces plus-strand as well as minus-strand type phage, suggests that heteroduplex RF in these spheroplasts has escaped the repair process. This fraction is not caused by the infection of a spheroplast by more than one heteroduplex RF molecule because the concentration of DNA used in the experiments was low. Also a further dilution of the DNA to the limit of detection does not alter the results. In a control experiment, it was shown that to produce mixedly infected spheroplasts with a mixture of RF do and RF & requires a loo-fold higher DNA concentration than that used in the present experiments. Also the fact that the fraction of mixed bursts is dependent on the cistron where the heteroduplex region is located is a strong argument for the validity of the present conclusions.
Following our initial objective, we have looked for conditions in which the repair process can be eliminated. We succeeded in this purpose by pretreatment of spheroplasts of E. coli K12 her-with mitomycin C. The result of the mitomycin C treatment is an increase of spheroplasts, producing phage of both genotypes and an increase of spheroplasts, producing phage of minus-strand genotype. In single-burst experiments, it was shown that the majority of the phage in mixed bursts has the genotype of the minus-strand. Similar results were obtained in the absence of mitomycin C using ~~116 (+) &(-) heteroduplex RF with a heteroduplex region in cistron B.
These experiments clearly show that, under conditions where replication of heteroduplex RF can take place, the minus-strand of heteroduplex RF is the major information precursor for the DNA of progeny phage. Also these results offer an interpretation of similar experiments performed by Merriam, Dumas & Sinsheimer (1971) and Merriam Funk & Sinsheimer (1971) . This suggests an asymmetric mechanism of RF replication, in which the minus-strand is used several times as a master template in the formation of progeny RF molecules, as predicted by the rolling circle model of Dressler & Wolfson (1970) . We interpret our results as follows: after infection of a spheroplast with heteroduplex RF, there is a competition between repair and replication of heteroduplex RF. Further evidence for a competition between repair and replication of heteroduplex RF is given in the accompanying paper (Baas & Jansz, 1972) . Most of the heteroduplexes are converted to homoduplexes before replication can start. The result of the repair process is a spheroplast, yielding either phage of the plus-or phage of the minus-strand genotype. If heteroduplex RF escapes the repair process, the first cycle of semiconservative DNA replication produces two homoduplexes, one of the minus-strand type and one of the plus-strand type. The homoduplex of the minus-strand type governs most of the further RF replication, producing a pool of progeny RF molecules from which progeny phage DNA is derived.
To account for the results of , it is proposed that the homoduplex of the plus-strand type also replicates but with low probability, explaining the minor fraction of plus-strand type phage in spheroplasts, which produce both types of phages. However, the major function of this RF molecule might be to provide for transcription and regulation during phage development, which requires that the integrity of this molecule is preserved (Denhardt & Sinsheimer, 1965 ).
An alternative explanation of these results is that RF does not replicate in spheroplasts and that the progeny phage DNA is all derived from the infecting (parental) RF. In this case progeny phage of the minus-strand genotype would be expected as the major product of single bursts. However, this possibility seems highly unlikely, if not excluded, for the following reasons.
(1) The burst size of mixed bursts is comparable to that of +X-infected cells. In the single-burst experiments described a mean burst size of 74 was found for & (+)I $,, (-) heteroduplex RF and a mean burst size of 11'7 for ts116 (+) 4, (-) heteroduplex RF.
(2) #X DNA of mutants in cistron A, the product of which is necessary for RE replication, produces no progeny phage in spheroplasts under restrictive conditions, indicating that RF replication is obligatory for phage production.
(3) If there is no RF replication in spheroplasts, spheroplasts infected with hetero.. duplex RF will yield progeny phage all but one of which are of the minus-strand genotype. However, the great majority of mixed bursts, even in the region where phage of the minus-strand genotype contributes 90% of the total burst, contains more than one phage of the plus-strand genotype.
Also a limited RF replication.
producing one or two progeny RF with the plus-strand as the master template does not agree with the present results. In this case a symmetrical distribution of progeny phage in mixed bursts would be expected. 
